Abstract-In this paper, an electromagnetic sensor which can operate simultaneously in capacitive and inductive modalities with sensitivities to permittivity, conductivity, and permeability is developed, and a novel measurement strategy is proposed accordingly. The sensor is composed of two planar spiral coils with a track width of 4 mm, which promotes its capacitive mode. The capacitive coupling is measured in common mode, while the inductive coupling is measured in differential mode. In capacitive mode, the sensor is sensitive to changes in permittivity, i.e., the dielectric material distribution; while in inductive mode, it is sensitive to magnetically permeable material and electrically conductive material. Furthermore, it is demonstrated that the sensor can simultaneously measure dielectric and conductive materials. This novel sensing element has been designed and implemented. Experimental results verified its effectiveness in dual modality measurement.
I. INTRODUCTION

E
VALUATION of materials by using electric or magnetic fields has been extensively performed for various inspection purposes, such as failure detection, quality assurance and material composition inspection [1] , [2] . The selection of the measurement method is determined by the fundamental electrical and magnetic properties of the material of interest i.e. permittivity, conductivity and permeability [3] . Capacitance measurements are appropriate for evaluating dielectric materials; for example, planar capacitance sensors have been used to inspect variations in dielectric properties of materials [4] , [5] . Magnetic induction / eddy-current testing is suitable for evaluating and inspecting conductive/permeable materials with many different coil configurations having been investigated, including planar spiral coils [6] .
Measuring the change in both capacitance and mutual inductance with a suitable sensor gives the possibility of inspecting the fundamental electrical and magnetic properties (permittivity, conductivity and permeability) with a single sensor. Therefore, insulators, conductors and composite materials can be inspected with one sensor. Attempts of combining capacitive and inductive measurements have been reported previously. In [7] and [8] , by switching between modes of operation or multiplexing, the presence of conductive and dielectric materials is detected with a dual mode sensor, but the sensor is still a physical combination of two sensors (separate capacitive and inductive elements). A printed sensor was reported in [9] ; by identifying the predominant sensor response above and below the resonant frequency, it was possible to distinguish between conductive and dielectric materials. In [10] , meander and mesh planar sensors were employed for inspection of conductive and dielectric materials; the effects of some dielectric samples on the transfer impedance using frequencies up to hundreds of megahertz were reported. This sensor is sensitive to both conductive and dielectric materials, but was not capable of determining both properties simultaneously.
In this paper, we present a novel sensor which inherently is a dual inductive/capacitive sensing element and thus is sensitive to changes in conductivity, permittivity and permeability; and importantly, inductive/capacitive effects can be separated by using different modes of measurement. In differential mode, the change in mutual inductance is measured; and in common mode, the change in capacitive coupling is measured. Measurements can be taken in differential and common modes simultaneously with an impedance analyser with a suitable configuration, therefore, the sensor can work simultaneously in inductive and capacitive modes and there is no need for switching between different sensing elements. This allows fast measurements to be carried out and avoids the associated disadvantage in [7] , i.e. the settling time and system stability need to be considered associated with the switching and a programmable delay has to be introduced to avoid interference. Moreover, the designed planar sensor has some advantages including, easy manufacturing, good repeatability, low cost as in [11] , and can be built of flexible materials for inspection of irregular surfaces as in [6] .
The sensor was designed and built, and experimental results for measuring conductive, dielectric and permeable materials are presented. We tested the sensor with a range of materials and combinations: such as water, air, plastic plates, copper plates and ferrite rings. In addition, the sensor was coated and results are presented for an immersion experiment.
II. SENSOR DESIGN
The sensor is composed of two planar spiral coils printed on a PCB. Fig. 1 depicts the layout of the sensor. The trace width is 4 mm, and the gap between the traces is 1 mm; the separation between the nearest traces of the coil pair is 5 mm, and the distance between the centres of the coil pair is 41 mm. The PCB substrate is made of 1.6 mm FR-4, with a relative permittivity value of 4.4.
The self-inductance of each coil is ∼320 nH, mutual inductance 20 nH and direct coupling capacitance 1.56 pF at 100 kHz measured with an impedance analyser (SL 1260). The same instrument was used in the following experiments; connections between the sensor and the impedance analyser are shown in Fig. 2 . The instrument has two measurement channels which can be independently configured as differential and common modes; thus, differential and common mode measurements can be taken simultaneously with this configuration.
III. SENSING MODES AND MEASUREMENTS MODES
A. Inductive Sensing Mode
Currents flowing in the tracks on the excitation side produce magnetic field, which induces voltage in the receiving side due to magnetic induction. So, the same planar structure that is used for capacitive measurements can be treated as coils for magnetic induction measurement.
The conductivity and magnetic permeability of the sample affect the magnetic induction due to eddy currents and magnetic polarisation, and the effects can be measured through the induced voltage across the receiver coil [12] . As the magnetic field depends on the coil geometry, the sensitivity of the sensor is intrinsically related to its geometry. The analytical solution for the change in impedance of a planar circular spiral coil can be derived from Dodd and Deeds theory as presented by Ditchburn [6] . Circular and rectangular geometries for planar coils have been compared due to its similar behaviour [13] .
The Dodd and Deeds analytical solution describes the inductance change of an air-core coil pair caused by a metallic plate for both non-magnetic and magnetic cases. The difference in the complex mutual inductance is
where the coil inductance above a plate is L (ω), and L A (ω) is the inductance in free space.
In the region between l1 and l2, the vector potential can be expressed as (1), where N1, N2 denote the number of turns in the excitation and pickup coil; α is a spatial frequency variable; μ0 denotes the permeability of free space; le1 and le2 denote the height of bottom and top of the excitation coil; while lp1 and lp2 denote the height of bottom and top of the pickup coil; re1 and re2 denote the inner and outer radii of the excitation coil; while rp1 and rp2 denote the inner and outer radii of the pickup coil; and c denotes the thickness of the plate in Fig. 3 . J(x) is a first-order Bessel function of the first kind. I(x1, x2) represent the production of J(x) for radii of x1 and x2.
The voltage induced in the reciver with a single turn can be expressed as
where ϕ = θ + tg −1 (r p sinθ/(w−r p cosθ)) is the angle between A and ds; s denotes the transect area in the pickup coil; while r = r 2 p sin 2 θ + w − r p cosθ 2 is the distance between O and ds.
Considering (1) and (2), the induced voltage on the receiver can be yielded in (3). 
Consequently, the mutual inductance between the air-cored coil pair can be presented by dividing the induced voltage by the current flowing through the excitation coil, as shown in (4 
B. Capacitive Sensing Mode
With large surface track width, each of the planar coils acts as a capacitive plate, where one is the transmitter and other the receiver. Therefore the capacitive sensing mechanism is similar to that of a two coplanar plate configuration [14] . When a sinusoidal voltage is applied to the transmitter, a potential difference is established and thus a capacitive coupling developed. Introducing permittivity change in the sensing area will perturb the established potential distribution and hence the capacitive coupling, the change of which can then be measured.
Depending on the nature of the sample, different effects are expected as discussed in [15] . A grounded object reduces the electric flux reaching the receiver due to a leakage through the newly formed ground path, and therefore will reduce the capacitive coupling; a floating sample with a higher permittivity generally increases the capacitive coupling. These effects are referred as shunt mode and transmission mode respectively [14] . Both effects were observed in our sensor, but the interest of this work is for the latter case where the sample is electrically floating.
Goss et al. [16] identified six coupling mechanisms for an excitation/detection coil pair with a sample in-between. It was stated that the potential difference between the coils, the surface area of the target, and the direct capacitive coupling between the coils strongly influence the capacitive excitation -capacitive detection mode. While in magnetic inductive measurements, the capacitive coupling effect needs to be minimised, the sensor developed here intentionally exploits this effect. By using a large track width, a significant direct capacitive coupling between the tracks develops. The track width is limited by the overall sensor size and therefore a track width of 4 mm was selected.
2-D finite-element simulations were carried out to explore the sensitivity distribution of the sensor over a sample. Both coils, excitation and detection, were segmented in 6 traces T A to T F and D A to D F as shown in Fig. 4 . Treated as a coil, a sinusoidal potential is applied to the excitation element. For simulation, different potentials were assigned to the excitation coil traces due to the fact that it is the only load for the signal generator and the voltage drop must occur along the excitation tracks. The excitation coil potentials going from 1 V to 0 V. Assuming no inductive coupling, as in conventional capacitive measurements [17] , all the traces of the detection coil are at the same potential. For the sensor working simultaneously in inductive and capacitive modes, a potential difference exists over the detection coil between its different segments due to inductive coupling. Different potentials were assigned to the detection coil; considering the sensor inductive coupling coefficient, the receiver coil potentials were set to 1/16 of the excitation coil potentials. The electric field distribution for an inductively coupled receiver is shown in Fig. 4 . The relative permittivity of the sample was set to one. It is worth noting that the capacitive coupling between segments is independent of the potential set up. From the previous simulation, it can be observed that individual capacitive coupling between each segment of the transmitter and the receiver develops; i.e. between segment T A and the receiver segments D A to D F , T B and the receiver segments D A to D F , and so on; Table I shows the simulation values for the segments T A , T B and T C . Simulation results of the capacitance between the individual transmitter tracks T A , T B and T C with the receiver indicate that the nearest track T A has the strongest coupling with the receiver. Table II shows the developed capacitance between the nearest track of the excitation coil T A and the segments D A , D B and D C . Therefore, the strongest capacitive coupling is between the adjacent tracks of the excitation and detection coils i.e. between the segments T A and D A . The sensor sensitivity distribution to permittivity calculated according to the E dot E formulation [18] , [19] is shown in Fig. 5 . The centre of the sensor is positioned at the coordinate x = 0 mm, y is the distance between the sensor and the sample. As expected the sensitivity is concentrated in the centre region of the sensor.
Overall, the average coupling effect from all the segments is measured. Simulation results give an overall capacitance between the transmitter and the receiver of 1.34 pF which is in accordance with measurement results.
C. Measurements Modes: Differential Mode, Common Mode, and Simultaneous Mode
An equivalent circuit of the sensor and a sample in-between is shown in Fig. 6 [16] . Coupling is both capacitive and inductive between the coils (direct coupling: Cd and Md) and through the sample (indirect coupling: Cs1, Ms1, Cs2 and Ms2). The track resistance and parasitic capacitance of the coils are not shown. Each of the planar sensors is treated as a coil, represented as L1 for the transmitter and L2 for the receiver. The target is modelled as an equivalent RLC parallel circuit, where R3 represents the losses due to eddy currents for a conductive sample; L3 is the inductive element related to the eddy currents; and C3 is the capacitive coupling element related to the displacement currents.
The change in mutual inductance between the transmitter and the receiver can be detected by measuring the differential voltage change at the two terminals of the receiver coil [12] . As stated by Equation (5), due to magnetic induction, the change in voltage V is proportional to the changes in mutual inductance M, the current in the transmitter coil I and the angular frequency ω; j is the imaginary unit.
The measured capacitance Cm is Cd in parallel with the series equivalent of Cs1, C3 and Cs2.
In order to separate the inductive and capacitive coupling effects, different measurement modes were used, i.e. common mode and differential mode. With common mode, the measurement is sensitive to the potential difference between the transmitter and receiver and therefore it is related to capacitive coupling. With differential mode, it is sensitive to the voltage difference between the receiver coil terminals and therefore related to inductive coupling.
In differential mode, the circuit can be treated as two mutually coupled coils.
In common mode, the circuit can be simplified as shown in Fig. 7 . V A is the common mode voltage that is determined by the unknown capacitance Cm and the input impedance of the impedance analyser Zs. Zs can be treated as a constant RC parallel circuit once the measurement setup is fixed.
Simultaneous mode (simultaneous capacitive and inductive measurement) was developed in order for the proposed sensor to be able to sense conductivity, permittivity and permeability simultaneously. Common mode voltage sees the receiver coil as one conductive surface at a reference potential level at the point of connection. Therefore, paths for the movement of charge due to the potential difference between the transmitter and the receiver are created. However, common mode measurements do not force a uniform potential level on the receiver; hence a differential voltage across the receiver terminals due to inductive coupling can be measured simultaneously. An equivalent circuit for simultaneous mode is shown in Fig. 8. L1 and L2 represent the excitation and receiver elements respectively. The potential difference between points DA and DF at the receiver due to inductive coupling is represented with resistors RAB to REF and coil L2. Capacitances CA to CF represent the capacitive coupling at different points on the receiver track. Zs is the input impedance of the impedance analyser.
Differential mode voltage is the voltage difference between the points DA and DF. As shown above, the strongest capacitive coupling effect occurs between the nearest tracks of the transmitter and the receiver. Therefore, when taking common mode measurement, the point at which the voltage is measured is at DA.
Considering the equivalent circuit of Fig. 8 , differential mode measurement V = V D F − V D A contains inductive coupling. Common mode voltage can be defined as V A = I C Zs, where I C is the current from the transmitter to the receiver due to overall capacitive coupling i.e. the sum of all the currents I A to I F in the form of (6).
I A = j ω (C T A−D A V T A−D A + C T B−D A V T B−D
A + C T C−D A V T C−D A + . . .) (6)
IV. EXPERIMENTAL SETUP AND SAMPLES
An impedance/gain-phase analyser SL 1260 was used to carry out the measurements. The instrument has a signal generator output and two input voltage measurement channels that can be configured as either common mode or differential mode. As shown in Fig. 2 , the excitation coil was connected to the signal generator and the receiver coil terminals were connected to both voltage channels in parallel; channel one was configured as differential mode and channel two as common mode. Fig. 9 shows the schematic connections between the equivalent circuit and the instrument for each channel separately. Fig. 9 (a) represents common mode and Fig. 9(b) differential mode. R1 and R2 in both figures represent the input impedance of the impedance analyser with the values taken from the instrument manual.
As can be seen from Fig. 9(a) , when common mode is selected, only one of the terminals is internally connected for measuring purposes. Thus, the receiver coil is represented as only one plate. Cm represents the coupling capacitance between the sensor pair. From Fig. 9(b) it can be seen that the measured voltage in differential mode corresponds to the differential voltage between the two terminals of the receiver coil.
Once all connections are made, simultaneous data of both channels (one in differential mode and the other in common mode) can be obtained with the instrument.
Samples with different electromagnetic properties were prepared to test the behaviour of the sensor. In order to test the inductive coupling, a set of conductive samples with different thickness was created by stacking 1-5 copper foil layers. Each layer has a thickness of 60 μm. A set of high permeable samples (nickel-zinc 10 mm x 8 mm ferrite rings) was used to introducing permeability changes. Ferrite rings were centred between the transmitter and the receiver. Lift-off is 1.6 mm.
For testing the capacitive effect, plastic sheets were measured and a water immersion experiment was carried out. Liftoff for plastic sheets is 1.6 mm; each plastic plate is 1.5 mm thickness and has dimensions of 30 mm by 65 mm. For the immersion experiment, the sensor was coated; the surface area of the water volume was constant, and the height is linearly related to the volume, approximately 1 mm for each 10 mL of water once the sensor is fully submerged. For the following discussion, relative permittivity values of 1 for air, 3 for plastic samples and 80 for water samples are assumed; which are typical values for these materials. A representation of the samples positioning is shown in Fig. 10 . Excitation frequency was set to 1 MHz for common mode and simultaneous experiments; and to 100 kHz for the differential mode experiments. 
V. RESULTS
Results were obtained first for capacitive sensing/common mode measurement, then for inductive sensing/differential mode, and lastly for the simultaneous mode.
A plot for capacitive-sensing/common-mode-measurement is shown in Fig. 11 . The first datum, labelled Air, is the interplates capacitance value of the sensor in air; in this case, the capacitive coupling is through the PCB substrate and air. As the thickness of the plastic plate increases, the measured capacitance increases as expected.
Results of a 2D finite element simulation are also shown in Fig. 11 . The capacitive coupling increases as the plastic sample thickness increases, same trend as the in the experiments. The capacitance range is 1.34 pF to 1.7 pF for simulation and 1.57 pF to 1.76 pF for experiments. The error can be attributed to the 2D nature of the simulation.
Measurements for different volumes of water were also carried out in common mode. As shown in Fig. 12 , the capacitive coupling increases with increasing volume of water as expected. A larger change in the measured capacitance due to the presence of water than plastic plates can also be seen, which is attributed to a much higher permittivity of water than that of the plastic sample.
To test inductive coupling in differential mode, copper samples with different thickness positioned at 5 mm away were measured at 100 kHz (Fig. 13) . A reduction in the measured voltage is observed when the thickness of the sample increases. This reduction is in accordance with simulations using the method in Section III and the magnetic induction effect for highly conductive, nonmagnetic samples [12] .
To test the simultaneous mode, two experiments were carried out: Common mode and differential mode: water and ferrite rings.
1) A 300 μm copper plate sample was positioned 5 mm away from the sensor, and then, plastic samples of different thicknesses were placed in-between. As expected, the differential measurement remained the same but the common mode measurements increase with the thickness of the plastic plates (Fig. 14) . Therefore, it was verified that the sensor can simultaneously operate in both modes. 2) Ferrite rings were introduced in a container with 15 mL of water (Fig. 15) . The experiment demonstrates that differential mode measurement is sensitive to permeable materials (ferrite rings) but not to materials with permittivity (water); common mode measurement is mainly sensitive to materials with permittivity (water) with a change of capacitance of 2.3 pF, but only weakly sensitive to permeability (ferrite rings) with a small change of 0.05 pF.
VI. CONCLUSIONS AND FUTURE WORK In this work, a novel dual modality sensor and the corresponding measuring strategy are presented. The sensor acts as a spiral coil pair, and as a planar capacitive sensor pair depending on the measurement mode. Equivalent circuits of the sensor were utilised to analyse the sensor response and develop the measurement strategy for each mode. Results from measurements indicate that in differential mode, the change in mutual inductance is measured; in common mode, the change in capacitance coupling is measured; and that simultaneous measurements for inductive and capacitive coupling can be performed. Tests also suggest that the sensor is sensitive to conductivity and permeability in differential mode and permittivity in common mode. Therefore, this sensor and the measurement strategy have the potential to inspect insulators, conductors and composite materials. The versatility of the sensor is also demonstrated with an immersion experiment. Future research will focus on optimisation of sensor geometries for specific measurement applications such as inspection of composite materials in NDT [20] , [21] and multiphase flow measurements; where components with conductivity, permittivity and permeability are present. In addition, a custom instrument based on FPGA [22] - [24] will be built to replace the commercial instrument (SL 1260) to implement the measurement strategy.
